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ABSTRACT Protein synthesis (PS) has been considered
essential to sustain mammalian life, yet was found to be
virtually arrested for weeks in brain and other organs of the
hibernating ground squirrel, Spermophilus tridecemlineatus.
PS, in vivo, was below the limit of autoradiographic detection
in brain sections and, in brain extracts, was determined to be
0.04% of the average rate from active squirrels. Further, it was
reduced 3-fold in cell-free extracts from hibernating brain at
37°C, eliminating hypothermia as the only cause for protein
synthesis inhibition (active, 0.47 = 0.08 pmol/mg protein per
min; hibernator, 0.16 += 0.05 pmol/mg protein per min, P <
0.001). PS suppression involved blocks of initiation and elon-
gation, and its onset coincided with the early transition phase
into hibernation. An increased monosome peak with moderate
ribosomal disaggregation in polysome profiles and the greatly
increased phosphorylation of elF2« are both consistent with
an initiation block in hibernators. The elongation block was
demonstrated by a 3-fold increase in ribosomal mean transit
times in cell-free extracts from hibernators (active, 2.4 = 0.7
min; hibernator, 7.1 = 1.4 min, P < 0.001). No abnormalities
of ribosomal function or mRNA levels were detected. These
findings implicate suppression of PS as a component of the
regulated shutdown of cellular function that permits hiber-
nating ground squirrels to tolerate “trickle” blood flow and
reduced substrate and oxygen availability. Further study of
the factors that control these phenomena may lead to identi-
fication of the molecular mechanisms that regulate this state.

Mammalian hibernation represents a state in which global
physiologic functions are virtually arrested and delivery of
glucose and oxygen is minimal, yet homeostatic control is
maintained. The profound reduction of cerebral perfusion in
hibernation (1) would lead to rapid autolysis of brain tissue (2)
in the absence of adjustments that characterize hibernation,
but has no adverse effects on hibernators. In fact, hippocampal
slices from hibernating ground squirrels show increased tol-
erance to a superimposed insult of hypoxia and aglycemia even
at 36°C (3). Surprisingly, the cellular mechanisms and signals
that trigger and maintain this adaptation remain unknown.
The identification of hibernation-specific changes in cellular
functions and of the regulatory mechanisms employed by this
tolerant state therefore may lead to the discovery of clinically
effective measures that induce cellular resistance to insults
such as brain ischemia and trauma in humans.

Whereas metabolic suppression (4-7) and membrane func-
tions (8, 9) in hibernators as well as anoxia-tolerant species
have been the focus of recent research, the regulation of
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another major cellular process, protein biosynthesis, has been
less well explored. Previously, preservation of mammalian cell
structure and function was considered to be critically depen-
dent on the continuous formation of new proteins and peptides
especially under circumstances of reduced cerebral perfusion,
in which lack of recovery of protein synthesis (PS) has been
viewed as a reliable predictor of cell death (10, 11). We have
identified PS as a major cellular process that is actively
regulated and rapidly arrested during hibernation by mecha-
nisms that involve inhibition of protein initiation and elonga-
tion. This suppression is physiologic for the state yet incom-
patible with prevailing biologic concepts, and it appears to
constitute a regulated step in the coordinated shutdown of
cellular functions and associated neuroprotection in hiberna-
tion.

METHODS

Animal Preparation and Hibernaculum. Thirteen-lined
ground squirrels, Spermophilus tridecemlineatus, were captured
by a United States Department of Agriculture-licensed trapper
(TLS Research, Bartlett, IL). All experiments were approved
by the National Institute of Neurological Disorders and Stroke
Animal Care and Use Committee. Squirrels were chronically
implanted with arterial and venous catheters and multichannel
telemetry transmitters (TL10M3-F50-EET, Datasciences,
Minneapolis) for long-term monitoring of the electrocardio-
gram and body temperature (1). The animals were housed in
an environmental chamber kept at 5°C at 60% humidity and
constant darkness to provide external cues conducive to
hibernation. Immobility, a curled posture, and profound re-
ductions in heart rate and body temperature characterized
hibernation (1).

L-[1-%C]leucine Autoradiography. Autoradiographic deter-
mination of the rate of protein synthesis in brain was per-
formed as described previously (12, 13). Active, cold-adapted
squirrels were transferred to tube restrainers. Hibernating
animals were not touched during blood sampling and were
monitored telemetrically. After intravenous injection of L-[1-
14C]leucine (100 uCi/kg body weight in normal saline), timed
arterial samples were taken for 2 hr to determine the time
courses of labeled and unlabeled leucine concentrations in
plasma. The animals were killed by a barbiturate overdose, and
brains were removed for cryostat sectioning. Autoradiographic
images were analyzed densitometrically (NIH IMAGE). Rates of
leucine incorporation into protein were calculated from local
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tissue concentrations of '*C-labeled protein, the integrated
specific activity of the acid-soluble leucine in plasma, and A, the
fraction of unlabeled leucine in the tissue precursor pool that
comes from plasma; the value of A of 0.58 determined in the
normal conscious rat was used (12, 13).

Protein Extraction from Whole Tissues and Separation by
SDS/PAGE. Organs were homogenized in 5% trichloroacetic
acid (TCA). Pellets were washed five times in 5% TCA (0°C)
and then suspended in hot TCA (5%, 90°C) for 15 min. After
centrifugation, pellets were washed once in ethanol and then
twice in ethanol-ether-chloroform (2:2:1 by volume) and twice
in acetone. Dried pellets were hydrolyzed in 0.1 M NaOH for
scintillation counting. Protein content was determined by the
Bradford method (Pierce). For SDS/PAGE, L-[**S]methi-
onine (2.5 mCi in normal saline) was injected i.v. in one active
and one hibernating squirrel. The animals were killed 2 hr after
injection, and proteins were extracted from brain, liver, and
heart as described above. Discontinuous SDS/PAGE was
carried out (14), applying 25 ug protein in 5 ul to each lane.
After staining with Coomassie blue, gels were exposed on
high-resolution phosphorimaging plates for 10 days and ana-
lyzed by a Fuji BAS 3000 imaging system (Fuji).

In Vitro Translational Assay. Brain postmitochondrial su-
pernatants (PMS) were prepared and adjusted for protein
content (10 mg/ml) for initiation of in vitro translation as
described previously (15). The reaction was started by the
addition of 5 uCi/ml L-[3,4,5-3H(N)]leucine (specific activity,
180 Ci/mmol) at 37°C and stopped after 20-30 min by the
addition of 10% TCA. The TCA-extracted protein pellet was
hydrolyzed in 1 M NaOH for scintillation counting. Rates of
leucine incorporation were adjusted for endogenous leucine
concentrations determined by amino acid analysis (Model
7300, Beckman). Background was defined as the signal that
remained after inhibition of protein synthesis by preparing the
reaction mixture with 5 mM cycloheximide.

Quantitative Northern Hybridization. Total RNA was ex-
tracted from active (n = 5) and hibernating (» = 3) brain
extracts by the phenol/guanidinium thiocyanate-phenol
method (STAT60, Tel-Test, Friendswood, TX) and analyzed
by Northern blotting with probes to the mRNAs for cyclophi-
lin, glyceraldehyde-3-phosphate dehydrogenase, calmodulin,
and mitochondrial F1-ATPase subunits 6 and 8. Each of these
mRNAs had been shown previously to be present at equivalent
levels in RNA extracted directly from whole brains of hiber-
nating and active ground squirrels (unpublished data).

Polysome Profiles. Ribosomes were isolated by centrifuga-
tion of brain extracts through 2 M sucrose in hypotonic buffer
(300,000 X g X 3 hr), and 3-4 ODysy units of purified
ribosomes were centrifuged through a linear 15-55% (wt/vol)
sucrose gradient (16). The absorbance profiles of the effluent
fractions were measured at ODyg, and relative concentrations
of RNA were determined planimetrically.

elF2« Phosphorylation. Samples containing 50 ug protein
were subjected to electrophoresis on 12.5% SDS-polyacryl-
amide gels followed by transfer to nitrocellulose (0.45 um).
Phosphorylated elF2« was detected with a 1:1,000 dilution of
rabbit polyclonal antibody specific for the phosphorylated
form of eIF2« as described previously (17). Total eIF2«a was
detected with a 1:500 dilution of mouse mAb (18). Immuno-
reactive bands were detected by enhanced chemiluminescence
(ECL, Amersham). To quantify the change in eIF2«a phos-
phorylation, isoelectric focusing gels were used to separate
phosphorylated eIF2« from the basal form as described pre-
viously (19). Crude protein extracts from active and hibernat-
ing squirrel brains were focused by using the same reagents and
protocols established for analyzing yeast elF2a (20). After
focusing, eIF2a was detected by immunoblotting with elF2«
mAbs described previously (18).

Transit Time Determinations. Protein elongation rates were
determined as described previously (21). In vitro translation of
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PMS was carried out as above and stopped at 1-min intervals
after pulse-labeling with L-[3,4,5-*H(N)]leucine by the addi-
tion of 5 mM cycloheximide and cooling to 4°C. Samples were
divided for determination of radioactivity in the TCA-
precipitable material from the total sample (completed and
nascent chains) and from the supernatant only (soluble, com-
pleted chains) obtained after deposition of ribosomes by
centrifugation. For determination of the size distribution of
proteins, in vitro translation was stopped 20 min after labeling.
After TCA extraction, SDS/PAGE was carried out (40 ug
protein/lane) in 25 mM Tris/glycine (pH 8.3) polyacrylamide
gels (4-20% linear gradient). Four lanes were pooled per
determination and cut into 20 sequential pieces. Each piece
was hydrolyzed with 1 M NaOH before scintillation counting.
The molecular weight range for each gel piece was determined
based on its position relative to standards.

Determination of the Presence of ADP-Ribosylated Elonga-
tion Factor-2 (eEF2). The level of ADP-ribosylated eEF2 in
both hibernating and active brains from ground squirrels was
determined according to the method of Youle and Neville, Jr.
(22). One gram of brain tissue was pulverized in the presence
of liquid nitrogen and homogenized in 1 ml of homogenizing
buffer [35 mM KHCO3/20 mM K,HPO,/4 mM MgCl,/25 mM
KCl/2 pg/ml leupeptin/2 pg/ml aprotinin/50 pg/ml phenyl-
methylsulfonyl fluoride (PMSF), adjusted to pH 7.4 with HCI]
with a motorized Teflon homogenizer for 15 strokes. The
extract was centrifuged at 120,000 X g (4°C), and the super-
natant fraction was collected. For removal of endogenous
NAD, an aliquot (0.4 ml) of the supernatant fraction was
applied to a Sephadex G-25 column (1.4 X 5 cm) equilibrated
with 10 mM Tris'HCI, pH 8.0/1 mM EDTA/2 ug/ml leupep-
tin/2 ug/ml aprotinin/50 wg/ml PMSF. The eluted fraction
containing the protein (0.5 ml) was used to assay for ADP-
ribosylated eEF2.

A three-tube assay was used to analyze the level of ADP-
ribosylated eEF2 (22). Each tube contained a final volume of
62 ul:50 ul of the protein fraction collected from Sephadex
G-25, 20 mM DTT, and 1 pM [*?P]NAD (2,000-20,000
cpm/pmol). To one tube, 0.1 pg/ml CRM107 [a mutant of
diphtheria toxin (23)] was included, and to another tube, 0.1
pg/ml CRM 107 + 100 uM nicotinamide was included. The
reactions were started with the addition of [3?P]NAD and
stopped by precipitation with 62 ul of 10% TCA after 30 min
at 22°C. Samples were stored on ice for 2 hr or at 4°C overnight.
The precipitated protein from each reaction was collected on
Whatman GF/C glass-fiber filters, washed four times with 2 ml
of 5% TCA, dried with 2 ml of methanol, and counted in a
scintillation counter (Wallac 1409, Gaithersburg, MD).

RESULTS

Absence of Autoradiographic Evidence for Leucine Incor-
poration in Vivo in Brain from Hibernating Squirrels. In an
effort to identify brain regions that might be involved in the
control of hibernation, we determined rates of PS with the
quantitative autoradiographic L-[1-'*C]leucine method (12,
13). In an active ground squirrel, the autoradiographic distri-
bution and local rates of cerebral PS (Fig. 14) were compa-
rable to those of other rodents (12), ranging from 7.5 nmol
leucine incorporation per g/min in the hippocampus to 1.5
nmol per g/min in the corpus callosum. During hibernation, no
autoradiographic evidence of leucine incorporation was found
in brain sections (4 months exposure on Eastman Kodak SB-5
film) (Fig. 1B). Undetectable incorporation of ['4C]leucine
into protein was confirmed in two additional hibernating
squirrels.

Residual PS in Whole Brain, Heart, and Liver in Vivo. We
verified this autoradiographic result and determined the pre-
cise rates of cerebral PS in three additional hibernating and
three active squirrels by extracting and counting brain protein
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nmolig/min

F1G. 1. Color-coded transforms of representative autoradiograms,
showing rates of cerebral PS in an active (4) and a hibernating (B)
ground squirrel at the level of the arcuate nucleus. During hibernation,
no autoradiographic evidence of leucine incorporation was detected.

after the ["*C]leucine procedure. Analyses also were done on
heart and liver of two hibernating and one active animal. One
experiment was conducted during entrance into hibernation;
body temperature in this animal decreased from 19.0°C to
7.5°C and heart rate dropped from 65 beats/min (bpm) to 24
bpm during this 2-hr experiment. Although cerebral PS during
hibernation could not be detected autoradiographically, some
residual level of [**C]leucine incorporation could be measured
consistently in brain homogenate. PS rates in the hibernating
squirrels were approximately 0.04% of average rates measured
in active squirrels (Table 1). Importantly, during entrance into
hibernation, while the declining body temperature averaged
above steady-state levels in hibernation (6—7°C), the rate of PS
already was as low as during full hibernation. This indicates
that hypothermia was not the sole reason for the reduction in
PS. Previous studies aimed at characterizing PS in hibernation
have reported much more modest reductions (to 10% of active
controls) in rates of amino acid incorporation (24, 25). How-
ever, in these prior studies the input function was not deter-
mined and no model for the behavior of the tracer amino acids
was used, which compromises quantitative analysis.

Specific Species of Proteins That Account for the Residual
Level of PS Could Not Be Identified. In an effort to determine
whether the proteins synthesized during hibernation differ
from those in active animals, protein extracts from brain, liver,
and heart were subjected to SDS/PAGE. L-[**S]methionine
was used as the tracer amino acid for these studies because its
specific activity is 20 times higher than that of ["*C]leucine and
concentrations of individual, newly synthesized proteins had
been noted to be too low to be detected by incorporation of
14C-labeled leucine. In active animals, protein extracts were
separated into smears with multiple discrete bands that stained
with Coomassie blue and corresponded to the autoradio-

Table 1. In vivo rates of leucine incorporation into protein in
active and hibernating ground squirrels and during entrance into
hibernation (values are mean = SD)

Hibernating, per nmol/100

Active mg protein per min Entrance
Brain 30202 0.001 = 0.001 0.001
(n=23) (n=3)
Liver 6.4 0.006 = 0.002
(n=2)
Heart 3.9 0.004 = 0.002
(n=2)
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graphic image of the radioactively labeled proteins (Fig. 2).
The pattern of Coomassie blue-stained protein from hiber-
nating squirrel tissues was similar to that found in the active
state, but produced no autoradiographic image. Any synthesis
of specific proteins during hibernation is beneath the sensi-
tivity of this method of detection.

PS Is Suppressed in Vitro Independent of Temperature. To
test the hypothesis that suppression of PS during hibernation
is not merely a passive thermodynamic phenomenon, we have
studied PS at 37°C by means of an in vitro translational system
in PMS prepared from brains of active and hibernating ground
squirrels. Throughout 30 min of in vitro translation, much less
L-[3,4,5-*H(N)]leucine was incorporated in PMS from hiber-
nating brain as compared with active brain (Fig. 3). Incorpo-
ration could be blocked by cycloheximide and reduced to about
half by a specific inhibitor of initiation, 7-methyl-GTP (26, 27)
(data not shown), indicating that incorporation was indeed due
to PS, with a significant contribution from in vitro initiation of
translation. Quantitatively, in vitro rates of leucine incorpora-
tion at 37°C were about three times higher in active animals
(0.47 = 0.08 pmol/mg protein per min, n = 7) than in
hibernators (0.16 * 0.05 pmol/mg protein per min,n = 7, P <
0.001, Student’s ¢ test).

Levels of Several Ubiquitous mRNAs Are Not Altered
During Hibernation. A temperature-independent reduction of
PS could be the result of modifications of transcription,
mRNA, translational factors, or ribosomes. Levels of mRNA
in the in vitro translational system were compared by quanti-
tative Northern blot analyses for several ubiquitous messages.
Similar to whole brain (data not shown), the mRNA levels
determined in PMS from three active and three hibernating
brains did not differ (Table 2).

Hibernation Induces Moderate Ribosomal Disaggregation.
Since the aggregation state of ribosomes may serve as an
indicator of the translational activity of the protein-
synthesizing machinery, polysome profiles were prepared from
PMS of hibernating and active brains. During hibernation, the
monosomal peak was increased and the polysome fraction was
decreased compared with profiles from active brains, indicat-
ing moderate ribosomal disaggregation (Fig. 4). Additional
independent profiles confirmed a significant decrease in the
polysome fraction during hibernation (48 + 5% of total profile
area, n = 6) compared with active brain (64 * 8% of total
profile area; n = 6, P < 0.002, Student’s ¢ test). To test whether
ribosomes from hibernating brain lack the ability to initiate,
PMS from active brain was processed further to remove
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FiG.2. SDS/PAGE separation of proteins in brain, liver, and heart
from a hibernating and an active squirrel. A shows the Coomassie-
stained gel and B shows the autoradiogram produced by L-[3>S]me-
thionine incorporation. During hibernation, incorporation was below
the detection limit of the PhosphorImager (1, brain/active; 2, brain/
hibernating; 3, liver/active; 4, liver/hibernating; 5, heart/active; 6,
heart/hibernating).
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FiG. 3. In vitro translation in PMS at 37°C. After introduction of
L-[3,4,5-*H(N)]leucine into the medium, the reaction was allowed to
proceed for 30 min. Incorporation of leucine into TCA-precipitable
material was several times higher in PMS from active (Left) compared

with PMS from hibernating (Right) brain (—CHX). Incorporation was
blocked by 5 mM cycloheximide (+CHX).

ribosomes and then used to assay the translational activity of
ribosomes isolated from active and hibernating brain. No
difference was seen in the incorporation of [*H]leucine by
hibernating compared with active ribosomes (Fig. 5), either in
the absence or presence of 7-methyl-GTP. This result indicates
that the ribosomal component of the protein-synthesizing
machinery was intact. The moderate ribosomal disaggregation
during hibernation is compatible with the presence of a
ribosomal inhibitor that interferes with the formation of the
initiation complex.

elF2a Phosphorylation Is Greatly Increased During Hiber-
nation. Initiator methionyl-tRNA is introduced into the trans-
lation—initiation complex by eIF2, and phosphorylation of the
a-subunit of eIF2 is known to inhibit global protein synthesis
(28). Phosphorylation of serine 51 of the a-subunit generates
a stable eIF2-GDP complex that binds the recycling protein,
elF2B, and prevents exchange of bound GDP for GTP, a
necessary step for each round of translation initiation. On this
basis, we analyzed eIF2«a phosphorylation by Western blotting.
As shown in Fig. 6, the total amount of eIF2« is unchanged,
but the level of phosphorylation of eIF2« is greatly increased
during hibernation. Isoelectric focusing gels were used to
separate phosphorylated elF2« from the basal form to quan-
tify the change in eIF2« phosphorylation. Densitometric scan-
ning and quantification of the results revealed that approxi-
mately 13% of the elF2« in brains from hibernating squirrels
was phosphorylated compared with less than 2% of the eIF2«
in brains from active animals. Although the level of elF2«
phosphorylation observed in the brain tissue extracts from
hibernating animals is consistent with a translation-initiation
defect in these tissues (29) and this level of phosphorylation
has been associated with substantial inhibition of translation
initiation in several different cell types (30, 31), the observa-
tion that the molar ratio of eIF2 to eIF2B varies among tissues
(32) dictates caution in attributing a substantial degree of the
translation inhibition in the hibernating squirrels to elF2a
phosphorylation.

Table 2. Ratios of four ubiquitous mRNA levels in PMS from
active (NH) and hibernating (H) squirrels (n = 3 each; values are
ratios NH/H) determined by Phosphor/Image analysis of
Northern blots

Mitochondrial
Calmodulin ATPase Cyclophilin GAPDH
1.04 0.80 1.11 0.95

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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F1G. 4. Analyses of representative ribosomal profiles in PMS from
hibernating and active brains. PMS was analyzed by means of a linear
15-55% sucrose gradient. Note the moderate disaggregation of the
polysomal fraction (P) and increase of the monosomal peak (M) in
PMS from hibernating brain.

The Rate of Protein Elongation Is Slowed During Hiber-
nation. To specifically test for the presence of an elongation
defect, mean translation rates (mean transit times) were
determined in PMS from active and hibernating brain by
measuring the flow of radioactive material from nascent
polypeptide chains to completed protein. The measured vari-
able, mean transit time, is independent of ribosome attach-
ment, i.e., initiation rate. Mean transit times were increased
about 3-fold in hibernating brain extracts (7.1 = 1.4 min, n =
5) compared with active brains (2.4 £ 0.7 min,n =5, P < 0.001,
Student’s ¢ test) (Fig. 7). These results indicate the presence of
an elongation block in hibernation. Protein size distributions
determined by SDS/PAGE of labeled protein from the hiber-
nating and active brain extracts were similar, supporting the
validity of the transit time comparisons (data not shown).

ADP Ribosylation of eEF2. Since the elongation rate of
protein biosynthesis is decreased during hibernation, we
looked at one of the key factors involved in the translocation
process during polypeptide chain elongation, eEF2. eEF2
contains a unique posttranslationally modified histidine resi-
due, named diphthamide, that is conserved throughout eu-
karyotic species, suggesting it has an essential role in cellular
metabolism (33-35). ADP ribosylation of eEF2, specifically at
the diphthamide residue, either endogenously (36, 37) or by
bacterial toxins (38, 39), has been reported to cause inactiva-
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F1G. 5. In vitro translational capability of ribosomes isolated from
hibernating and active brains. Ribosomes from hibernating (» = 3) and
active (n = 3) brains were incubated in ribosome-depleted PMS from
active brain. The ribosomes from the two sources showed comparable
levels of leucine incorporation, both in the presence and absence of 1
mM 7-methyl-GTP. RNA content was adjusted to 1 ODagpunit/assay.
Bars represent the incorporation of [*H]leucine into protein (mean +
SD).
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FiG. 6. Immunoblots of total (Upper) and phosphorylated (Lower)
elF2a in brain homogenates from active (lanes 1-3) and hibernating
(lanes 4-6) squirrels.

tion of eEF2 with respect to its role in protein biosynthesis.
With this connection, it seemed plausible that endogenous
ADP ribosylation of eEF2 could be a molecular switch for
controlling protein biosynthesis during variable metabolic
states within the cell. A comparison between three sets of
active versus hibernating extracts revealed no detectable ADP
ribosylation of eEF2, however, and thus, less than 10%, if any,
eEF2 is ADP-ribosylated during hibernation.

DISCUSSION

The principal finding of this study is that PS in the brain of
hibernating ground squirrels is actively arrested for up to
several weeks at a time without an absolute requirement for
hypothermia and therefore may constitute an important com-
ponent in the induction of cellular quiescence during hiber-
nation. Active regulation of PS suppression in hibernation is
demonstrated by the findings of increased phosphorylation of
the initiation factor, eIF2«, and the persistence of PS suppres-
sion during translation in vitro at physiologic temperatures.
Further, PS in vivo was maximally suppressed during entrance
into hibernation while body temperature still averaged above
steady-state temperature in hibernation. In addition, thermo-
dynamic effects are unlikely to explain the approximate 2,500-
fold reduction in PS. If Q¢ effects (the fold-reduction in rate
of biochemical reaction for each 10°C reduction in body
temperature) regulated PS, the calculated Qo during hiber-
nation would approximate 13.6 and would be even higher
during the entrance phase (16.3), whereas Q;( values normally
range from 2 to 3 for most enzymes and tissues. In comparison,
the rate of cerebral glucose metabolism during hibernation was
reduced to a lesser degree, 1-2% of the values in active animals
(total reduction of about 75-fold), corresponding to a Qo of
4.3 (40).

The temperature-independent component of the PS reduc-
tion could result from modifications in transcription, mRNA,
translational factors, or ribosomes. We have confirmed pre-
vious findings (41) of no differences between hibernating and
active animals in total mRNA levels in brain and liver. This
greatly reduces the likelihood that global suppression of PS
occurs at the level of transcription. It does not rule out
differential expression of specific mRNAs during hibernation,
which has, in fact, been documented (42, 43). Furthermore, we
have found no evidence that the function of the ribosomal
machinery is perturbed during hibernation. The decreased
polysome fraction in the polysome profile suggested that
factors regulating the rate of initiation could be inhibited, and
this was strongly supported by the large increase in phosphor-
ylated elF2a seen in hibernating animals. In addition, sup-
pression of PS in hibernation occurs during elongation as
indicated by markedly slowed protein elongation rates in vitro
independent of temperature. Translational control of gene
expression generally has been thought to occur at the level of
initiation (28), but may also involve modifications of the
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Fi1G.7. Mean transit time determinations in PMS from active and
hibernating squirrel brain. Incorporation of radioactivity in total (solid
circles) and soluble (open circles) protein from a representative
experiment is plotted against time (Upper). The difference between the
time axis intercepts of the linear regression lines corresponds to a
one-half transit time (HTT). (Lower) Ribosome transit times (mean =
SD) measured in extracts from five active and five hibernating squirrel
brains were significantly different by Student’s ¢ test.

elongation machinery. Phosphorylation of eEF2 can lead to
such an arrest (44), which is usually only short-lived (minutes).
eEF2 phosphorylation is postulated to be a separate signal-
transduction pathway, the “translational arrest-dependent
pathway,” to enable major changes in physiologic programs in
response to extracellular signals such as hormones (45). Sus-
tained suppression of PS by inhibition of eEF2 is usually lethal.
For example, ADP ribosylation of eEF2 by diphtheria toxin
freezes the translocation complex, and cell death follows
within hours. Inhibition of elongation has also been implicated
in the early stages of programmed cell death (45). It is likely
that PS suppression is somehow linked to the regulation of
protein degradation. Both actually could be regulated effi-
ciently by modification of a single factor, eEF1A (previously
termed eEFla), which not only is required for polypeptide
elongation but also is a cofactor for degradation of N-
terminally blocked proteins (46). Such mechanisms have been
shown to be operational in invertebrate quiescence, a state that
resembles hibernation and is induced by anoxia (47). During
this state, the ubiquitin-mediated proteolytic pathway is
acutely blocked in response to anoxia, which preserves mac-
romolecular integrity and possibly explains the tolerance of
these organisms to oxygen deprivation.

Under normal circumstances PS is one of the cellular
processes most sensitive to disruption. Even brief interruptions
of cerebral perfusion suppress PS in brain, presumably because
of inhibition of translation initiation (17, 48). In hibernation,
a state with only trickle blood flow and massively reduced
capacity to supply nutrients, PS is arrested by active regulation.
While prolonged disturbances in PS after ischemia in nonhi-
bernators reliably predict postischemic cell necrosis (10, 11),
suppression of PS in hibernation is not only survived without
ill effects but is even associated with tolerance to a superim-
posed insult in an in vitro model of cerebral ischemia (3). This
extraordinary discrepancy may have its explanation in the fact
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that ischemia disrupts homeostatic control of all cellular
functions, while in hibernation, a coordinated shutdown occurs
that maintains homeostatic balance. Since suppression of PS in
hibernation is a component of the adaptation of this tolerant
state, study of its regulation would be expected to lead
ultimately to identification of the signals that initiate and
maintain the global shutdown of cellular functions. Strategies
of reversible cellular arrest employed by hibernators in the
future may be applied to the prevention of cell death as a
consequence of various forms of cell injury.
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